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FIG. 6A
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FIG. 9
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FIG. 10A
NARROW-PROTRUSION
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FIG. 10B
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(DEGREES)

FIG. 10C

NARROW-PROTRUSION

ROTOR (D2<D1) SMALL AG
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(DEGREES)
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FIG. 11A
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FIG. 11B
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FIG. 12

DIFFERENTIAL
CIRCUIT

FIG. 13
j‘ 0 EQUAL-PITCH ROTOR
DEGREE OF
LATITUDE
(DEGREES)
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1
0.1
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ROTATION DETECTION APPARATUS
UTILIZING ARRAY OF
MAGNETORESISTIVE ELEMENT BRIDGES
AND METHOD OF DESIGNING THE
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based on and incorporates herein by

reference Japanese Patent Application No. 2004-118126
filed on Apr. 13, 2004,

BACKGROUND OF THE INVENTION

1. Field of Application

The present invention relates to a rotation detection
apparatus which detects rotation information concerning a
rotor that 1s formed of a magnetic material, and which
utilizes magnetoresistive element (MREs) which change in
resistance 1n response to changes 1 an applied magnetic
field.

2. Description of Prior Art

Types of rotation detection apparatus which utilize MREs
are known, for example for obtaining information concemn-
ing rotation of a toothed rotor that 1s provided on the
crankshaft or camshaift of an internal combustion engine of
a vehicle. Such a type of rotation detection apparatus
includes a bias magnet, which produces a bias magnetic field
that links with the rotor, and one or more MREs that change
in resistance 1n accordance with changes 1n a vector of the
bias magnetic field. These changes in the magnetic field are
processed electrically, to thereby detect changes in the
rotation position of the rotor which 1s the detection object.
That 1s to say, the magnetic vector of the bias magnetic field
that links with the detection object (rotor) has periodic
angular vaniations 1n accordance with the passage of pro-
trusion portions of the rotor periphery and recessed portions
of that periphery through the bias magnetic field, as the rotor
rotates. The resistances of the MREs vary in accordance
with these variations 1n the magnetic vector of the bias
magnetic field, and so vary in accordance with the passing
ol the protrusion portions and recessed portions of the rotor.

In general with such a rotation detection apparatus, a
plurality of MREs are mounted 1n a sensor chip, and the
angular variations of the magnetic vector will differ 1n
accordance with the size of the air gap between the sensor
chip and the rotor periphery. That 1s to say, for the same
amount of angular rotation, of the same rotor, the amount of
angular varniation of the magnetic vector will differ in
accordance with the air gap. On the other hand, for the same
rotor, if the air gap 1s altered then 1t 1s found that there 1s a
specific “air gap characteristic minimum point”, which 1s a
specific value of magnetic vector angle (corresponding to
some specific size of air gap) for which the amounts of
increase and decrease ol magnetic vector angle with respect
to that specific angle (as the rotor rotates) are of equal
magnitude. The variations in the magnetic vector angle
result 1n corresponding variations i an output detection
signal indicative of changes in rotation angle of the rotor,
and the value of output detection signal corresponding to the
air gap characteristic minimum point 1s appropriate for use
as a threshold value, for use in converting the output
detection signal to a binary signal.

Hence it would be desirable to provide a rotation detec-
tion apparatus whereby the air gap characteristic minimum
point 1s held constant, irrespective of changes in the shape

10

15

20

25

30

35

40

45

50

55

60

65

2

of the rotor. If such a type of rotation detection apparatus
were available, then operatlons such as setting of individual
detection threshold wvalues 1n accordance with different
shapes of rotor would be substantially reduced.

In that regard, as described for example 1n Japanese patent
publication No. 2003-269993, a type of rotation detection
apparatus 1s known whereby the aforementioned air gap
characteristic minimum point 1s held constant irrespective of
rotor shape. With that prior art rotation detection apparatus,
a sensor chip 1s used having an array of four sets of four
MREs. Each set of four MREs are connected in series
between a power supply voltage and a reference (ground)
potential, with a median voltage-divided output being
extracted (1.e., whose value would be 2 of the power supply
potential, 11 all four MREs have 1dentical resistance values).
Such a median voltage-divided output will be referred to 1n
the following as the median output potential of such a set of
MREs. Variations in the median output potentlal can be used

to derive rotation information concerning a rotor.

FIG. 21 shows the configuration of that prior art rotation
detection apparatus. As shown, the apparatus includes a
sensor chip 104 having a row of four sets of four MREs, the
sets respectlvely designated as A, B, C, D. Each set of four
MREs 1s arranged, as shown, 1n a square configuration,
interconnected such that current first flows successively
through a first diagonally opposed pair of MREs, then
successively through the second diagonally opposed pair of
MREs, with a median output potential being produced with
respect to the reference (ground) potential. In the following
description and 1n the appended claims, such a set of four
MREs, configured physically and electrically substantially
as for each of the sets A, B C, D shown 1n FIG. 21, will be
referred to as a “MRE bndge”, although the electrical
configuration 1s that ol a magnetoresistive voltage divider,

Respective median output potentials V1, V2, V3, V4 from
these MRE bridges A, B, C, D are mputted to a differential
circuit, which performs processing to derive from these a
single differential output signal Vd, where Vd=2x(V3-V4)-
(V1-V2). By using this differential output signal Vd, the air
gap characteristic minimum point can be held constant,
irrespective of changes 1n rotor shape. In the following,
“differential output signal” will be abbreviated to “differen-
tial output”, for brevity of description.

FIGS. 22, 23 show the output wavetorms of the differ-
ential output Vd, for different shapes of rotor. It should be
understood that the term “changes 1n rotor shape™ as used
herein 1s mtended to signify changes in the respective
lengths (as measured around the rotor circumierence) of
protrusion portions and recessed portions of the rotor periph-
ery, 1.e., changes in the respective angular extents (as mea-
sured with respect to the rotor axis as center) of the protru-
sion portions and recessed portions. Similarly, the terms
“narrow/wide” as applied herein to protrusion portions or to
recessed portions respectively signilty “relatively short/rela-
tively long in peripheral extent”, 1.e., “relatively small/
relatively large 1n angular extent”.

FIG. 22 shows examples of wavetorms of the differential
output Vd (shown expressed 1n the form of angular varia-
tions of the magnetic vector of the bias magnetic field, as
described above) for the case 1n which both the protrusion
portions and the recessed portions of the rotor that is the
detection object are relatively narrow. The differential output
Vd changes in accordance with the angular variation of the
vector of the bias magnetic field, and Vd 1s expressed i FIG.
22 1n terms of the angular variation of that vector. As can be
understood from FIG. 22, the air gap characteristic mini-
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mum point. (expressed as a value of magnetic vector angle)
1s approximately 10° with this example.

FI1G. 22 shows examples of wavelforms of the differential
output Vd (again expressed as variations in the magnetic
field vector angle) for the case 1n which both the protrusion
portions and the recessed portions of the rotor that 1s the
detection object are relatively wide. Here again, it 1s found
that the air gap characteristic minimum point 15 approxi-
mately 10°.

Thus, by using a set of four MRE bridges 1n that way,
obtaining the differential output Vd from the four output
voltages of these MRE bridges, as Vd=2x(V3-V4)-(V1-
V2), the air gap characteristic minimum point remains
substantially constant, irrespective of changes in the shape
of the rotor. Hence, 11 the value of the air gap characteristic
mimmum point 1s used as a threshold value for converting,
the differential output Vd to a binary signal, rotation infor-

mation concerming the rotor can be easily and accurately
detected.

However as 1s clear from FIGS. 22, 23, as the shape of the
rotor 1s changed, the wavetform of the diflerential output Vd
also changes accordingly. For example with the rotor shape
of FIG. 22, the waveform of the differential output Vd
changes 1 a sinusoidal manner i1n accordance with the
passing of the protrusion portions and recessed portions of
the rotor periphery. However with the rotor shape of FIG.
23, the waveform of the differential output Vd exhibits
abrupt changes between high and low values, due to the
phenomenon of magnetic distortion.

FI1G. 24 shows examples of wavelforms of the differential
output Vd (again expressed as variations in the magnetic
field vector), for different rotor shapes and different sizes of
the air gap. These show the following;:

(a) In the case of the rotor shape designated as Sa (having
relatively narrow protrusion portions and recessed portions),
it can be understood that the maximum and minimum
regions of the differential output Vd characteristic respec-
tively correspond to the protrusion portions and recessed
portions of the rotor.

(b) In the case of the rotor shape designated as Sb (having
relatively narrow protrusion portions and relatively wide
recessed portions), 1t can be understood that the regions of
the differential output Vd that correspond to the protrusion
portions of the rotor show a relatively sinusoidal variation.
However the regions of the differential output Vd that
correspond to the recessed portions of the rotor are greatly
attenuated at positions corresponding to the centers of these
recessed portions.

(c) In the case of the rotor shape designated as Sc (in
which both the protrusion portions and the recessed portions
are relatively wide) 1t can be understood that the waveform
of the diflerential output Vd falls abruptly at the respective
center positions of the protrusion portions and the recessed
portions of the rotor.

For convenience of description, the rotor shapes Sa, Sb,
Sc 1llustrated 1n FI1G. 24 will be referred to in the following
as the narrow-protrusion rotor, the equal-pitch rotor and the
wide-protrusion rotor, respectively.

Since the wavelorm of the differential output Vd varies as
described above in accordance with the shape of the rotor,
this results 1n slight vanations in the degree of latitude (as
defined hereinafter) and angular accuracy of detecting rota-
tion information for a rotor based on the diflerential output
Vd, The concepts of “degree of latitude” and “‘angular
accuracy’’ as used herein will be described referring to FIGS.

25 and 26.

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 25 illustrates the relationship between the waveform
ol the diflerential output Vd and various types of air gap, for
describing the concept of “degree of latitude”. As shown 1n
FIG. 25, as the air gap becomes larger, the amplitude of the
differential output Vd becomes smaller, and reaches a mini-
mum value at positions corresponding to the centers of the
protrusion portions and the recessed portions of the rotor.

Considering;

(a) the difference between the minimum value of the
differential output Vd that corresponds to a protrusion por-
tion of the rotor (1.e., that 1s produced while a protrusion
portion of the rotor periphery 1s moving past the MREs) and
the air gap characteristic minimum point, and

(b) the difference between the minimum value of differ-
ential output Vd that corresponds to a recessed portion of the
rotor and the air gap characteristic minimum point;

the smaller of these two values of difference with respect
to the air gap characteristic minimum point constituting the
“degree of latitude™.

When the degree of latitude falls below a predetermined
level, then errors will occur 1n the detection pulses that are
derived by the rotation detection apparatus, so that errors
will arise 1n the rotation information that 1s derived by the
apparatus.

FIG. 26 1s a diagram {for describing the concept of
“angular accuracy” as used herein 1n describing a rotation
detection apparatus. Specifically, FIG. 26 shows a magnified
portion ol the differential output Vd wavetform (i.e., as
represented by the angular vaniation of the bias magnetlc
field vector) of FIG. 25 (designated as the region S, i FIG.
25). In FIG. 26, the bias magnetic field vector angle corre-
sponding to both the point of intersection PI between the
wavelorms of the differential output Vd for the case of a
“small” air gap and the point of intersection P2 for the case
of a “medium” air gap 1s the air gap characteristic minimum
point. There 1s an angular difference Aa. (=al1-02) between
the rotor rotation angles a1 and a2 that respectively corre-
spond to the intersection points P1 and P2, and this angular
difference Ao constitutes the “angular accuracy™, as used
herein 1 describing a rotation detection apparatus.

Alternatively stated, the angular accuracy 1s the degree of
accuracy with which rotor rotation angles are attained that
respectively correspond to coincidence between the ampli-
tude of the differential output Vd (as the rotor rotates) and
the value of Vd corresponding to the air gap characteristic
minimum point.

Since the wavetorm of the differential output Vd varies in
accordance with rotor shape, the degree of latitude and
angular accuracy in detecting the rotation imnformation also
change accordingly. Thus for example when a rotation
detection apparatus i1s used for detecting rotation of the
crankshaft or camshaift of the internal combustion engine of
a vehicle, the requirements for the degree of latitude and for
the angular accuracy will differ, depending upon whether
rotation of the crankshaft or rotation of the camshatt 1s to be
detected.

Specifically, in the case of detection of rotation of a
camshaft, a rotor (coupled to the camshait) that 1s used 1n
conjunction with a rotation detection apparatus will gener-
ally be formed with relatively wide peripheral protrusions,
for the purpose of accurately discriminating between the
respective cylinders of the internal combustion engine. Thus
in such an application, a large degree of latitude 1s more
important than a high angular accuracy.

In the case of detection of rotation of a crankshait on the
other hand, a rotor (coupled to the crankshatt) that 1s used 1n

conjunction with a rotation detection apparatus will gener-
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ally be formed with relatively narrow peripheral protrusions,
tor the purpose of accurately detecting the rotation angle of

the crankshatt. Thus 1n such an application, a high angular
accuracy 1s more important than a large degree of latitude.

With a prior art type of rotation detection apparatus, it has
not been possible to readily design the apparatus to have
optimum rotation detection characteristics for use in such
different forms of application.

SUMMARY OF THE

INVENTION

It 1s an objective of the present invention to overcome the
above problem by providing a rotation detection apparatus,
and a method of designing such an apparatus, which enable
optimization of the rotation detection characteristics of the
apparatus 1n accordance with the shape of a rotor that 1s the
detection object of the rotation detection apparatus. The
invention provides a rotation detection apparatus which can
be utilized for detecting a rotation condition of a rotor that
1s formed of a magnetic material and has a circumfierential
periphery having successively alternating protruding por-
tions and recessed portions, with the apparatus including a
sensor chip having a plurality of MREs and a bias magnet
for applying a bias magnetic field to the MREs, and with
detection being performed by sensing changes in resistance
values of the MREs due to changes 1n a magnetic vector of
the bias magnetic field as the circumierential periphery of
the rotor rotates close to the sensor chip.

To achieve the above objectives, according to a first
aspect, the apparatus 1s configured with the MREs of the
sensor chip arranged and connected as an array of at least
tour MRE bridges (where the term “MRE bridge™ as used 1n
the description of the present invention and the appended
claims has the specific significance that has been defined
heremnabove referring to FIG. 21) having an orientation
determined by the rotation direction of the rotor. Designat-
ing a “first distance” as the distance between an end face of
the bias magnet that 1s located directly opposite the circum-
terential periphery of the rotor (1.¢., with that end face being
used as a position reference) and each of respective centers
of at least two MRE bridges which are located at inward
positions within the array of MRE bridges (in relation to the
central magnetic axis of the bias magnet), and designating a
“second distance” as the distance between the reference end
tace of the bias magnet and each of respective centers of at
least two MRE bridges which are located at outward posi-
tions within the array of MRE bridges, values for the first
distance and second distance are respectively separately set.

With such a rotation detection apparatus, when the direc-
tion of the magnetic vector 1s altered, changes occur in the
median output potentials of the outer pair of MRE bridges
that are different from resultant changes which occur 1n the
median output potentials of the mner pair of MRE bridges.
However 1n addition, the assignee of the present invention
has found that, by adjusting the aforementioned first dis-
tance and second distance respectively separately, 1t 1s
possible to thereby eflect changes 1n the median output
potentials of the outer pair of MRE bridges that are diflerent
from resultant changes which occur 1n the median output
potentials of the iner pair of MRE bridges. It has thereby
been found possible to alter the aforementioned degree of
latitude and angular accuracy, by suitable performing such
position adjustments. It thereby becomes possible to realize
a rotation detection apparatus whose rotation detection char-
acteristics can be optimized for use with each of various
different configurations of rotor, e.g., the aforementioned
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narrow-protrusion rotor configuration, or equal-pitch rotor
configuration, or wide-protrusion rotor configuration.

Such a rotation detection apparatus preferably comprises
differential circuit means for generating a signal referred to
herein as the “main component” signal, based on the dii-
ference between respective median output potentials of the
at least two MRE bridges which are located at inward
positions 1n relation to a central magnetic axis of the bias
magnet, a signal referred to herein as the “compensation
component” signal, based on the diflerence between respec-
tive median output potentials of the at least two MRE
bridges which are located at outward positions in relation to
the central magnetic axis, and a single differential output
signal (constituting an output detection signal which con-
veys rotation mformation concerning the rotor) based on a
difference between the main component signal and the
compensation component signal, with the aforementioned
first distance and second distance being respectively sepa-
rately set such that the waveform of the single differential
output signal attains a condition predetermined 1n accor-
dance with the configuration of the rotor periphery. This
further enables the rotation detection characteristics to be
optimized for use with each of various different configura-
tions of rotor,

As described above, the single differential output signal
will 1n general converted to a binary signal before being
utilized, with the conversion executed using a specific
threshold value. The atorementioned condition that i1s pre-
determined for the wavetorm of the single differential output
signal 1n accordance with the rotor configuration can be that
the degree of latitude (as defined hereinabove) will attain a
predetermined standard. In that which case, respective val-
ues for the atorementioned first distance and second distance
are established such as to have the relationship:

first distance<second distance.

Alternatively, the condition that 1s predetermined for the
wavelorm of the single differential output signal can be that
the angular accuracy (as defined hereinabove) of the appa-
ratus will be substantially high. In that case, the aforemen-
tioned first distance and second distance are respectively set
such as to have the relationship:

first distance=second distance.

The rotation detection apparatus can thereby be optimized
for use with a narrow-protrusion rotor or an equal-pitch
rotor, 1.e., so that a high degree of accuracy of edge detection
1s required. Achieving a sufliciently high degree of angular
accuracy (as defined hereinabove) ensures that such high
accuracy ol edge detection can be achieved.

As a further alternative, it may be necessary to ensure that
both the degree of latitude and the angular accuracy each
attain predetermined standards, 1.e., each 1s sufficiently high.
In that case, again, the first distance and second distance are
respectively set such as to have the relationship:

first distance»second distance.

According to a further aspect, with the rotation detection
apparatus having first, second and third differential ampli-
fiers for respectively deriving the aforementioned compen-
sation component signal, main component signal, and single
differential output signal, respective predetermined appro-
priate amplification factors are set for the first differential
circuit, second differential circuit and third differential cir-
cuit.

This enables the rotation detection characteristics of the
rotation detection apparatus to be optimized for a particular
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type of rotor configuration, by means of an electrical form
of adjustment (1.e., of amplifier gain values), rather than by
physically altering the positions of MRE bridges. This type
of electrical adjustment also enables suitable values to be
established for the degree of latitude and the angular accu-
racy (as defined hereinabove), for various diflerent forms of
rotor configuration.

Specifically, the respective amplification factors of the
first differential circuit, second differential circuit and third
differential circuit can be separately set such that the wave-
form of the single differential output signal attains a condi-
tion predetermined 1n accordance with the configuration of
the rotor periphery.

In particular, when the condition that 1s predetermined for
ne wavelorm of the single differential output signal 1s that
he degree of latitude attain a predetermined standard, then
esignating the respective amplification factors of the first
ifferential circuit and second ditfferential circuit as K1 and
K2, and designating respective amplitude values of the main
component signal and the compensation component signal
as Al and A2, values for K1, K2 are respectively set such
that the following relationship 1s satisfied:

rjl. rjl. H-I. H‘L

(K1xA1-K2xA2)>(2xA1-A2).

The wavetorm of the single differential output signal can
thereby be increased in amplitude, by reducing the ampli-
tude of the compensation component, thereby enabling a
higher degree of latitude to be achieved.

As a further alternative, the condition that 1s predeter-
mined for the wavetform of the single differential output
signal 1s that the angular accuracy (as defined hereinabove)
attain a predetermined standard. In that case this can be
achieved by setting values for K1, K2 respectively such that
the following relationship 1s satisfied:

K1/K2<2.

As yet a further alternative, 1t may be that the condition
that 1s predetermined for the waveform of the single differ-
ential output signal 1s that both a large degree of latitude and
high angular accuracy are to be achieved. In that case again,
values for K1, K2 are respectively set such that the above
relationship 1s satisfied, 1.e.:

K1/K2<2.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing the general configuration of
a first embodiment of a rotation detection apparatus, and a
rotor which 1s the detection object of the apparatus;

FIG. 2 1s a plan view conceptually illustrating the con-
figuration of a sensor chip of the first embodiment;

FIG. 3 1s a circuit diagram of a differential amplifier
circuit of the first embodiment;

FIG. 4 shows graphs illustrating relationships between
positions of MRE bridges and a degree of latitude, for the
first embodiment;

FIG. 5 shows graphs illustrating relationships between
changes 1n rotor configuration and angular accuracy, for the
first embodiment;:

FIGS. 6A to 6C show graphs illustrating the relationship
between positions of MRE bridges and wavelorms corre-
sponding to those of a differential output Vd, a compensa-
tion component of the differential output Vd, and a main
component of the differential output Vd, for the case of a
wide-protrusion rotor being the detection object of the
rotation detection apparatus;
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FIG. 7 1s a diagram showing the general configuration of
a second embodiment of a rotation detection apparatus, and
a rotor which 1s the detection object of the apparatus;

FIG. 8 1s a plan view conceptually illustrating the con-
figuration of a sensor chip of the second embodiment;

FIG. 9 shows graphs illustrating relationships between
positions of MRE bridges and a degree of latitude, for the
second embodiment;

FIGS. 10A to 10C show graphs illustrating the relation-
ship between positions of MRE bridges and wavetorms
corresponding to those of a differential output Vd, for the
case ol a narrow-protrusion rotor being the detection object
of the rotation detection apparatus;

FIGS. 11A to 11C show expanded views of portions of
FIGS. 10A to 10C respectively, for use 1n describing a
concept of angular accuracy, as used in describing the
present 1nvention;

FIG. 12 1s a diagram showing the general configuration of
the second embodiment when an equal-pitch rotor 1s the
detection object of the apparatus;

FIG. 13 shows graphs illustrating relationships between
positions of MRE bridges and a degree of latitude, for the
case of the second embodiment being applied to an equal-
pitch rotor as the detection object of the apparatus;

FIG. 14 1s a plan view conceptually illustrating the
configuration of a sensor chip of a third embodiment of a
rotation detection apparatus;

FIG. 15 1s a circuit diagram of a differential amplifier
circuit of the third embodiment;

FIG. 16 shows graphs illustrating relationships between
positions of MRE bridges and a degree of latitude, for the
third embodiment, for the case of a wide-protrusion rotor
being the detection object of the apparatus;

FIG. 17 shows graphs 1llustrating relationships between
various different rotor configurations and angular accuracy,
for the third embodiment;

FIGS. 18A to 18C show graphs illustrating the relation-
ship between changes 1n the amplification factor of a dif-
ferential amplifier which derives the compensation compo-
nent of the diflerential output Vd and wavelorms
corresponding to those of the differential output Vd, the
compensation component, and the main component of Vd;

FIG. 19 15 a circuit diagram of a differential circuit of a
fourth embodiment of a rotation detection apparatus;

FIG. 20 shows graphs 1llustrating relationships between
changes in the amplification factor of a diflerential amplifier
which produces the compensation component of the differ-
ential output Vd and the degree of latitude, for the fourth
embodiment, for the case of a narrow-protrusion rotor being
the detection object of the apparatus;

FIG. 21 1s a plan view conceptually illustrating the
configuration of a sensor chip of prior art example of a
rotation detection apparatus;

FIG. 22 shows wavelorms of an output detection signal
produced by the prior art rotation detection apparatus, for the
case ol a narrow-protrusion rotor being the detection object
of the apparatus;

FIG. 23 shows wavelorms corresponding to an output
detection signal produced by the prior art rotation detection
apparatus, for the case ol a wide-protrusion rotor being the
detection object of the apparatus;

FIG. 24 shows wavelorms Corresponding to an output
differential signal produced by the prior art rotation detec-
tion apparatus, for respectively diflerent configurations of
rotor;
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FIG. 25 shows wavelorms of an output differential signal,
for use 1 defining the concept of an air gap characteristic
mimmum point, as used 1n describing the present invention;
and

FI1G. 26 shows wavelorms of an output differential signal,
for use 1n defining the concept of angular accuracy, as used
in describing the present invention

DESCRIPTION OF PREFERRED
EMBODIMENTS

First Embodiment

A first embodiment will be described referring to FIGS. 1
to 6. This 1s a rotation detection apparatus which can be
optimized for use with a specific detection object, for
example a rotor coupled to the camshait of an internal
combustion engine, with the rotor being formed with rela-
tively wide protrusion portions (as defined hereinabove), for
enabling discrimination of respective cylinders of the
engine.

FIG. 1 conceptually 1illustrates an embodiment of a rota-
tion detection apparatus la, and a rotor 6 which i1s the
detection object of this embodlment as viewed along the
direction of the axis of the rotor 6. As shown, the rotation
detection apparatus la includes a bias magnet 2, for pro-
ducing a bias magnetic field, which 1s disposed opposite the
circumierential periphery of the wide-protrusion rotor 6.
The wide-protrusion rotor 6 1s a wide-protrusion rotor,
formed of a magnetic material. A sensor chip 3a, formed of
an array of MRE bridges, 1s mounted 1n a face of the bias
magnet 2 located opposite the circumierential periphery of
the wide-protrusion rotor 6, as shown (with the sensor chip
3a shown as protruding from that face, in the conceptual
diagram of FIG. 1, for ease of understanding). Specifically,
a cavity 1s formed 1n that face of the bias magnet 2, and the
sensor chip 3a 1s fixedly attached within that cavity.

The body of the sensor chip 3a can for example be formed
by molding, using a thermally hardened type of synthetic
resin such as epoxy resin.

The bias magnet 2 1s disposed with 1ts central magnetic
ax1is (which coincides with the central axis of the sensor chip
3a) oriented such as to pass through the rotation axis of the
Wlde-protrusmn rotor 6. In that way, the bias magnetic field
that 1s produced by the bias magnet 2 has a magnetic vector
that exhibits a periodic angular variation 1n accordance with
rotation of the wide-protrusion rotor 6. The angular variation
of the magnetic vector 1s sensed by the MRE bridges of the
sensor chip 3a, whose respectwe resistance values vary
accordingly. These variations 1n resistance value of the MRE
bridges result 1n changes in the respective median output
potentials of the MRE bridges, and the rotation detection
apparatus 1a includes a differential circuit S which performs
differential processing of these changes 1n the median output
potentials of the MRE bridges. The array of MRE bridges A
to D 1s oriented 1n accordance with the rotation axis of the
rotor 6, 1.e., with respective centers of the MRE bridges
being located substantially within a plane that 1s at right
angles to the rotation axis of the rotor 6.

FIG. 2 1s a plan view showing the general configuration
of the sensor chip 3a, and 1n particular showing a sensor
section of the sensor chip 3a. As shown 1n FIG. 2, the sensor
chip 3a includes an array of four MRE bridges, respectively
designated as A, B, C and D. The two outer MRE bridges A
and B are located symmetrically on opposing sides of the
alforementioned central magnetic axis of the bias magnet 2,
designated by numeral 20. The two mner MRE bridges C
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and D are also located symmetrically on opposing sides of
central magnetic axis 20, with the MRE brnidge C being
located midway between the center of the MRE bridge A and
the central magnetic axis 20, and the MRE bridge D being
located midway between the center of the MRE bridge B and
the central magnetic axis 20.

In addition, as also shown 1in FIG. 2, the distance L1
between the centers of the MRE brnidges A and C, the
distance .4 between the centers of the MRE bridges D and
B, the distance L2 between the center of the MRE bridge C
and the central magnetic axis 20, and the distance L2
between the center of the MRE bridge D and the central
magnetic axis 20 (with each of the distances L1, L2, .3, L4
measured along a direction at right angles to the central
magnetic axis 20) are respectively identical. Hence, the
array of MREs A to D has a predetermined orientation with
respect to the rotation axis of the rotor 6.

With this embodiment, the outer pair of MRE bridges A
and B are disposed farther from the face of the bias magnet
2 that opposes the wide-protrusion rotor 6 (with that face of
the bias magnet 2 being referred to as the “rotor-side face”
in the following) than the mner pair of MRE bridges C and
D. Specifically, the distance D2 between the respective
centers of the MRE bridges A and B and the rotor-side face
of the bias magnet 2 1s made longer than the distance D1
between the respective centers of the MRE bridges C and D
and that rotor-side face (D2>D1).

Vanations in the angle of the magnetic vector of the bias

magnet 2 are detected as changes 1n resistance of the MREs
of the MRE bridges A, B, C, D, which are extracted as
corresponding changes 1n thelr respective median output
potentials. These four median output potentials (i.e., the
outputs shown as V1, V2, V3, V4 from the MRE bndges A,
B, Cand D respectwely as indicated in FIG. 2) are inputted
to the differential circuit 5 as shown 1n the circuit diagram
of FIG. 3.
The differential circuit 5 1s formed of three differential
amplifiers, A1, A2 and A3. The differential amplifier A1 has
a amphﬁcatlon factor of 2, so that the median output
potentials V3, V4 from the MRE bridges C and D result in
a differential output of [2x(V3-V4)] being produced from
the differential amplifier Al. The differential amplifiers A2,
A3 each have an amplification factor of 1, so that the median
output potentials V1, V2 from the MRE bridges A and B
result in a differential output of (V1-V2) being produced
from the differential amplifier A2. These differential outputs
from the differential amplifiers Al, A2 are mputted to the
differential amplifier A3, which thereby produces a single
differential output Vd, where the amplitude of Vd 1s obtained
as [2x(V3-V4)-(V1-V2)].

With this embodiment, rotation information concerning
the wide-protrusion rotor 6 i1s obtained based on this single
differential output Vd.

In that way, the differential circuit 5 produces an output
signal having two components, 1.€.,:

{2x(V3-V4)}, designated in the following as the main
component, which 1s derived from the median output poten-
tials of the MRE bnidges C and D, and

(V1-V2), designated in the following as the compensa-
tion component, which 1s derived from the median output
potentials of the MRE bridges A and B.

Thus, by altering the amplitude of the wavetform of the
compensation component 1n relation to that of the main
component, 1t becomes possible to alter the diflerential
output Vd to have a desired amplitude or shape of wavetorm.

It should be noted that with this embodiment, by locating,
two outer MRE bridges A and B (from which the compen-
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sation component of Vd 1s dertved) at positions which are
tarther from the rotor-side face of the bias magnet 2 than the
two mner MRE brnidges C and D, the amplitude of the
compensation component of Vd 1s accordingly reduced, 1.e.,
the amplitude of the single differential output Vd 1s accord-
ingly increased. In that way, the wide-protrusion rotor 6 can
reliably have a high degree of latitude (as defined hereinai-
ter) in rotation information detection, when the detection
object of the rotation detection apparatus 1la 1s the wide-
protrusion rotor 6.

The relationship between the respective locations of the
MRE bridges A and B and the aforementioned degree of
latitude will be described referring to the graphs of FIG. 4.
In FIG. 4, results of electromagnetic simulation are shown
for the cases 1n which the MRE bridges A to D have the
tollowing respective predetermined positions:

(a) The MRE brnidges A, B are located at respective
positions each of which 1s farther from the rotor-side face of
the bias magnet 2 than the positions of the MRE bridges C
and D (.e., D2>D1).

(b) The M{* bridges A to D are arrayed in a single row
(1.e., D2=D1).

(c) The MRE bridges A, B are located at respective
positions each of which 1s closer to the rotor-side face of the
bias magnet 2 than the positions of the MRE bridges C and
D (1.e., D2<D1).

As 1s clear from FIG. 4, for the same size of air gap, the
highest degree of latitude 1s obtained for case (a) above,
(D2>D1), with the MRE bridges A and B positioned farther
from the rotor-side face of the bias magnet 2 than the MRE
bridges C and D. With case (¢) above (D2<D1), whereby the
MRE bridges A, B are located at positions closer to the
rotor-side face of the bias magnet 2 than the positions of the
MRE bridges C and D, the degree of latitude 1s substantially
lowered, by comparison with case (a). Overall, the greater
the distance D2 of the MRE bridges A and B from the
rotor-side face of the bias magnet 2, the higher becomes the
degree of latitude. Furthermore, as the size of the air gap 1s
increased, the degree of latitude decreases accordingly.

As 1s clear from the simulation results shown in FIG. 4,
if the MRE bridges A, B are set at positions closer to the
rotor-side face of the bias magnet 2 then the MRE bridges
C, D, and the air gap 1s made large, then the degree of
latitude will fall below a standard value (i.e., degree of
latitude=1). This standard value corresponds to a value of
the differential output Vd that 1s necessary to ensure that
error pulses will not be produced when the differential
output Vd 1s converted to a binary signal.

In that way, the positions at which the MRE bridges are
located will have a large eflect on the degree of latitude of
detection of rotation information by the rotation detection
apparatus 1a. In the case of the wide-protrusion rotor 6 being
the detection object, 11 the MRE bridges A, B are positioned
tarther from the rotor-side face of the bias magnet 2 than the
MRE bridges C, D, then the degree of latitude 1s increased.

On the other hand, the positions at which the MRE
bridges A, B are located have an eflect on the angular
accuracy ol rotation information detection. This effect 1s
illustrated 1n the magnetic simulation results shown in the
graphs of FIG. 5, which show results obtained for the case
ol a narrow-protrusion rotor and the case of a equal-pitch
rotor being respective detection objects, as well as for the
case of the wide-protrusion rotor 6.

It can be understood from FIG. 5 that irrespective of the
rotor shape, when the MRE bridges A and B are located
closer to the rotor-side face of the bias magnet 2 than the
MRE bridges C and D (1.e., D2<D1), the angular accuracy
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1s 1ncreased. Furthermore, the smaller the distance D2
between the MRE bridges A, B and the rotor-side face of the
bias magnet 2, the higher becomes the angular accuracy.
Furthermore, for the same value of distance D2, the highest
degree of angular accuracy i1s obtained when the narrow-
protrusion rotor 1s the detection object. Specifically, the
angular accuracy successively decreases 1n the order: nar-
row-protrusion rotor—equal-pitch rotor—wide-protrusion
rotor.

However as described above, in the case of the wide-
protrusion rotor 6 being used 1n conjunction with the cam-
shaft of an internal combustion engine for discriminating the
engine cylinders, a high degree of latitude 1s more important
than a high level of angular accuracy. This 1s due to the fact
that in such an application, after engine starting has been
completed, 1t 1s only necessary to detect rotation angle
information once, for discriminating the engine cylinders.
Also, from mechamical considerations, 1t 1s preferable to
make the degree of degree of tolerance for the air gap size
as large as possible. For that reason, with this embodiment,
a high degree of latitude 1s achieved, which i1s done to some
extent at the expense ol angular accuracy.

FIG. 6 A to 6C are diagram showing relationships between
the main component and the compensation component
which constitute the differential output Vd, and the locations
of the MRE bridges A and B, for the case of the wide-
protrusion rotor 6 being the detection object. FIG. 6 A shows
wavelorms of the differential output Vd, and 1its main
component and compensation component, for the case 1n
which the MRE bridges A, B are closer to the rotor-side face
of the bias magnet 2 than the MRE bridges C and D (i.e.,
D2<D1). FIG. 6B shows waveforms of the di. Terentlal
output Vd, and its main component and compensation
component, for the case in which the MRE bridges A, B, C
and D are aligned in a row (1.e., D2=D1). FIG. 6C ShOWS
wavelorms of the differential output Vd, and 1ts main
component and compensation component, for the case 1n
which the MRE bridges A, B are located farther from the
rotor-side face of the bias magnet 2 than the MRE bridges
C and D (i.e., D2>D1).

As 15 clear from FIGS. 6A to 6C, as the distance of the
MRE brldges A, B from the rotor-side face of the bias
magnet 2 1s increased, the amplitude of the output wavetorm
of the compensation component (V1-V2) 1s decreased. As a
result, the amplitude of the differential output Vd 1s
increased. In that way, designating the degree of latitude for
FIG. 6 A as Wa, the degree of latitude for FIG. 6B as Wb, and
the degree of latitude for FIG. 6C as Wc, the relationship
between these 1s:

Wa<Wb<Wc.

As described above, with this embodiment of a rotation
detection apparatus, the following eflects are obtained. With
the configuration example of FIG. 2, the MRE bridges A, B
are set farther from the rotor-side face of the bias magnet 2
than are the MRE bridges C and D. As a result, the amplitude
of the compensation component (V1-V2) 1s decreased, so
that the amplitude of the differential output Vd 1s increased,
and so the degree of latitude for detecting rotation informa-
tion can be appropriately increased, when the wide-protru-
s1on rotor 6 1s the detection object.

Second Embodiment

A second embodiment of a rotation detection apparatus
utilizing magnetic detection will be described 1n the follow-
ing referring to FIGS. 7 to 12. This embodiment can be
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advantageously applied when the detection object 1s a nar-
row-protrusion rotor which 1s utilized, for example, for
detection of the rotation angle of a crankshaft of an internal
combustion engine.

With this embodiment, the MRE bridges A and B are
disposed closer to the rotor-side face of the bias magnet 2
than the MRE bridges C and D. In other respects, this
embodiment 1s similar to the first embodiment, with com-
ponents corresponding to those of the first embodiment
being designated by corresponding reference numerals to
those of the first embodiment, so that detailed description 1s
omitted.

FI1G. 7 conceptually illustrates the overall configuration of
this embodiment of a rotation detection apparatus 15, and a
narrow-protrusion rotor 7 which is the detection object. As
shown, the rotation detection apparatus 15 includes a bias
magnet 2, for producing a bias magnetic field, which 1s
disposed opposite the circumierential periphery of the nar-
row-protrusion rotor 7, which in this embodiment 1s a
narrow-protrusion rotor formed of a magnetic material. A
sensor chup 35, formed of an array of MRE bridges, 1s
mounted 1n a face of the bias magnet 2 that 1s opposite the
circumierential periphery of the narrow-protrusion rotor 7.

FIG. 8 1s a plan view 1llustrating the general configuration
of the sensor chip 36 of this embodiment. As shown, the
outer pair of MRE bridges A and B are disposed closer to the
rotor-side face of the bias magnet 2 than the inner pair of
MRE bridges C and D. Specifically, the distance D2 between
the respective centers of the MRE bridges A and B and the
rotor-side face of the bias magnet 2 1s made shorter than the

distance D1 between the respective centers of the MR
bridges C and D and that rotor-side face (D2<D1).

With this configuration, the differential output (2x(V3-
V4)) denived from the difference between the respective
center-value potentials of the mner pair of MRE bridges C
and D constitutes the main component of the differential
output Vd, while the differential output (V1-V2) derived
from the difference between the respective center-value
potentials of the outer pair of MRE bridges A and B
constitutes the compensation component of the differential

output Vd. That 1s, the single differential output Vd 1is
obtained as:

[T]

Vd=2x(V3-VA)—(V1-V2).

Rotation information for the narrow-protrusion rotor 7 1s
detected based on this differential output Vd.

By disposing the MRE bridges A to D 1n that way, the
compensation component 1s increased, thereby increasing
the accuracy of edge detection of the narrow protrusions of
the rotor 7, so that the accuracy of detecting rotation
information concerning the narrow-protrusion rotor 7 1is
increased. That 1s to say, as described hereinabove referring
to FIG. 5, the smaller the distance between the MRE bridges
A and B and the rotor-side face of the bias magnet 2, the
higher becomes the angular accuracy.

FIG. 9 shows results of electromagnetic simulation of
changes 1n the degree of latitude for the case of the narrow-
protrusion rotor 7 being the detection object, when the
positions of the MRE bridges C and D are held fixed at
predetermined locations and the posltlons of the MRE
bridges A and B are altered. As shown in FIG. 9, as the
distance of each of the MRE bridges A and B from the
rotor-side face of the bias magnet 2 1s made smaller, the
degree of latitude increases accordingly.

In that way, when the narrow-protrusion rotor 7 is the
detection object, both the angular accuracy and degree of
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latitude can be optimized by setting the positions of the
MRE bridges A and B as close as possible to the rotor-side
face of the bias magnet 2.

The limitation on positioning the MRE bridges A and B 1s
the point at which the saturation magnetic flux begins to fall
below the level that 1s necessary for stable operation of the
MREs. Furthermore, the magnetic field intensity of the bias
magnetic field will decrease as the MRE bridges A, B are
moved from the center of the central magnetic axis of the
bias magnet 2, along the direction of that central magnetic
ax1is towards the rotor-side face of the bias magnet 2. Thus,
the bias magnetic field strength may become weaker than a
level that 1s necessary for satisfactory operation, if the MRE
bridges are located too close to that rotor-side face. For that
reason, the respective positions at which the MRE bridges A
and B are located should be such as to ensure that the
requisite level of saturation magnetic flux (approximately
—20 mT) 1s maintained.

With this embodiment, the sensor chip 35 i1s configured
with the MRE bridges A and B located in 1somagnetic
regions having the saturation magnetic flux.

However 1t should be noted that so long as a satisfactory
value of saturation magnetic flux can be maintained, 1t 1s not
essential that each of the MRE bridges A to D be located 1n
1Isomagnetic regions.

FIGS. 10A to 10C show the relationship between the
positions at which the MRE bridges A and B are set (1.e., the
distance D2 of each of these MRE bridges from the rotor-
side face of the bias magnet 2) and the differential output Vd
(shown expressed 1n the form of values of magnetic vector
variation angle), for the case of the narrow-protrusion rotor
7 being the detection object of the rotation detection appa-
ratus. FIG. 10A shows wavelorms of the diflerential output
Vd for respectively different sizes of the air gap (large,
medium, small) for the case 1n which the MRE bridges A and
B are located farther from the rotor-side face of the bias
magnet 2 than the MRE bridges C and D (1.e., D2>D1). FIG.
10B shows wavelorms of the differential output Vd for
respectively different sizes of the air gap (large, medium,
small) for the case 1n which all of the MRE bridges A to D
are arrayed 1 a row (1.e., D2=D1). FIG. 10C shows wave-
forms of the differential output Vd for respectively different
sizes of the air gap (large, medium, small) for the case 1n
which the MRE bridges A and B are located closer to the
rotor-side face of the bias magnet 2 than the MRE bridges
C and D (1.e., D2<D1).

In the case of FIGS. 10A to 10C, the air gap characteristic
minimum point corresponds to the magnetic vector variation
angle at which intersections occur between the waveform of
the differential output Vd when the air gap size 1s large and
the wavetorm of Vd when the air gap size 1s small.

FIGS. 11A to 11C each show an expanded view of the
vicinity of a point of intersection between the respective
wavetorms of the differential output Vd corresponding to the
different sizes of air gap as described for FIGS. 10A to 10C.
As shown in FIG. 11 A, 1n the case 1n which the MRE bridges
A and B are located farther from the rotor-side face of the
bias magnet 2 than the MRE bridges C and D (1.e., D2>D1),
the angular accuracy of rotation detection i1s the amount
designated as Aal, As shown in FIG. 11B, i the case 1n
which the MRE bridges A to D are arrayed in a row (1.¢.,
D2=D1), the angular accuracy of rotation detection 1s Aa2.
As shown 1n FIG. 11 A, 1n the case in which the MRE bridges
A and B are located closer to the rotor-side face of the bias
magnet 2 than the MRE bridges C and D (1.e., D2<D1), the
angular accuracy of rotation detection 1s the amount desig-
nated as Aa3.
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As can be understood from FIGS. 11A to 11C, the
respective values of angular accuracy have the magnitude
relationship [Aal>Aa2>Aa3]. Hence, the closer the MRE
bridges A and B are positioned to the rotor-side face of the
bias magnet 2, the higher will become the angular accuracy,
and hence the higher will become the accuracy of rotation
detection.

It can thus be understood that when the narrow-protrusion
rotor 7 1s the detection object, e.g., used for detection of the
rotation speed (rotation angle) of the crankshaft of an
internal combustion engine, a high degree of angular accu-
racy of rotation detection can readily be achieved by posi-
tioming the MRE bridges A and B close to the rotor-side face
of the bias magnet 2.

As can be understood from the above description, with the
configuration shown in FIG. 8 for this embodiment whereby
the outer MRE bridges A and B are located closer to the
rotor-side face of the bias magnet 2 than the mner pair of
MRE bridges C and D, the result 1s obtained that an increase
level of angular accuracy of rotation detection 1s achieved,
when the narrow-protrusion rotor 7 1s the detection object.

The above embodiment has been described for the case in
which the detection object 1s a narrow-protrusion rotor that
1s coupled to rotate with the crankshaft of an internal
combustion engine. However 1n some cases an equal-pitch
rotor may be utilized in such an application. As described
above, an equal-pitch rotor 1s configured with the circum-
terential periphery thereol formed with recessed portions
that are longer (1.e., have a greater angular extent) than 1n the
case of a narrow-protrusion rotor. As a result, the angular
accuracy and the degree of latitude that are obtained when
an equal-pitch rotor 1s the detection object exhibit different
tendencies from those for the case in which a narrow-
protrusion rotor 1s the detection object.

FIG. 12 shows the general configuration of a rotation
detection apparatus 1c that 1s utilized with an equal-pitch
rotor 8 as the detection object, and also shows the equal-
pitch rotor 8. The rotation detection apparatus 1c¢ can be
configured similarly to the sensor chip 36 described above,
so that detailed description 1s omitted. That 1s to say, the
MRE bridges A and B are located closer to the rotor-side

face of the bias magnet 2 than the inner pair of MRE bridges
C and D.

FIG. 13 shows results of electromagnetic simulation of
changes 1n the degree of latitude for the case of the equal-
pitch rotor 8 being the detection object, when the positions
of the MRE bridges C and D are held fixed and the positions
of the MRE bridges A and B are altered. As shown 1n FIG.
13, as the distance of each of the MRE bridges A and B from
the rotor-side face of the bias magnet 2 1s increased, the
degree of latitude increases accordingly. In that respect, the
results obtained for the equal-pitch rotor differ from those
obtained for the narrow-protrusion rotor. However as 1s clear
from FIG. 13, even 1f the distance D2 of the MRE bridges
A and B from the rotor-side face of the bias magnet 2 1s
relatively small, a substantially high degree of latitude 1s still

obtained, 1.e., which 1s close to the standard value of 1 for
the degree of latitude.

It can thus be understood that 11 the sensor chip 3¢ has the
configuration shown 1n FIG. 8, then both the angular accu-
racy and degree of latitude can meet respective requisite
standards, when an equal-pitch rotor 1s the detection object
of the rotation detection apparatus.
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Third B

Embodiment

A third embodiment of a rotation detection apparatus will
be described referring to FIGS. 14 to 18. In the same way as
described for the first embodiment above, this embodiment
1s optimized for use 1n rotation detection of a wide-protru-
s10n rotor that 1s coupled for rotation with the camshait of an
internal combustion engine, with the rotation detection
apparatus being used to discriminate the respective cylinders
of the engine. However with this embodiment, a sensor chip
3d having the configuration illustrated in FIG. 14 1s utilized,
in place of the sensor chip 3a of the first embodiment, and
the differential circuit 5a shown 1n FIG. 15 1s used 1n place
of the differential circuit 5 of the first embodiment.

As shown 1n FIG. 14, the sensor chip 3d of this embodi-
ment utilizes an array of four MRE bridges A to D, with the
respective median output potentials of V1, V2, V3 V4 of the
MRE bridges A, B, C, D being nputted to the diflerential
circuit Sa as shown in FIG. 15.

Basically, the differential circuit 3a 1s formed of a first
differential amplifier A1, a second diflerential amplifier A2a,
and a third differential amplifier A3. Of these, the diflerential
amplifier A2a, which produces the compensation component
of the differential output Vd, has an amplification factor of
0.6, and produces a differential output [0.6x(V1-V2)] from
the median output potentials V1, V2 of the MRE bridges A
and B. The third differential amplifier A3 therefore derives
the single differential output Vd as:

[2x(V3-V4)-0.6x(V1-V2)]

By thus setting the amplification factor of the second
differential amplifier A2a as 0.6, the amplitude of the
compensation component 1s decreased, so that the wavetorm
amplitude of the single differential output Vd 1s appropri-
ately increased. Hence, the degree of latitude for rotation
detection 1s made higher.

FIG. 16 shows results of electromagnetic simulation of
the relationship between the degree of latitude and the
amplification factor K2 of the second differential circuit
A2a, for the case of the wide-protrusion rotor 6 being the
detection object. As shown by FIG. 16, the smaller the value
of the amplification factor K2 1s made, the higher becomes
the degree of latitude. With this embodiment, the amplifi-
cation factor K2 1s set as 0.6, which enables the degree of
latitude to be made substantially higher than 1s achieved 1n
the prior art (1.e., when the value of K2 1s set as 1).

FIG. 17 shows results of electromagnetic simulation of
the relationship between the angular accuracy and the ampli-
fication factor K2 of the second differential circuit A2a, for
the case of various different configurations of rotor, 1.¢., for
the case of the wide-protrusion rotor 6 and also the narrow-
protrusion rotor 7 and the equal-pitch rotor 8. As 1s clear
from FIG. 17, for each of these diflerent rotor configura-
tions, the angular accuracy exhibits a tendency to become
lower as the amplification factor K2 1s reduced.

However as described above, when the wide-protrusion
rotor 6 1s utilized, coupled to the camshait of an internal
combustion engine for example, 1t 1s more i1mportant to
achieve a high degree of latitude than to achieve a high level
of angular accuracy. It 1s for that reason that the amplifica-
tion factor K2 of the differential circuit A2a of this embodi-
ment 1s set as 0.6, so that a sufliciently high degree of
latitude can be attained, although this 1s results 1n a lowering
of the angular accuracy, to some extent.

FIGS. 18A to 18C show relationships between the ampli-
fication factor K2 of the differential circuit A2a, the main
component and compensation component of the differential
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output Vd, and the differential output Vd, for the case of the
wide-protrusion rotor 6 being the detection object. FIG. 18A
shows the waveforms of Vd and the main component and
compensation component of Vd, for the case of the ampli-
fication factor K2 being 1.4. FIG. 18B shows the waveiforms
of Vd and the main component and compensation compo-
nent of Vd, for the case of the amplification factor K2 being,
1.0. FIG. 18C shows the wavetorms of Vd and the main
component and compensation component of Vd, for the case
of the amplification factor K2 being 0.6.

As 1s clear from these FIGS. 18A to 18C, the lower the
amplification factor K2 of the differential circuit A2a 1is
made (1.e., the differential circuit that produces the compen-
sation component of the single differential output Vd), the
greater becomes the amplitude of the waveform of Vd,
where Vd 15 [K2x(V3-V4)-K1x(V1-V2)] as described

above.

In addition, as 1s also clear from these FIGS. 18A to 18C,
as the amplification factor K2 is successively reduced from
1.4 to 1.0 to 0.6, the degree of latitude accordingly changes
from Wa' to Wb' to Wc', where these have the relationship
Wa'«Wh'«Wc'. Thus, the lower the value of the amplifica-
tion factor K2 of the second diflerential amplifier A2a, the
higher becomes the degree of latitude of rotation detection.

As shown above, the following eflects are obtained with
this embodiment:

(1) Due to the fact that the amplification factor K2 of the
second differential amplifier A2a (which produces the com-
pensation component of the differential output Vd) 1s set as
0.6, the amplitude of the compensation component (i.e.,
V1-V2) 1s reduced, so that the amplitude of the differential
output Vd 1s accordingly increased. In that way, the degree
of latitude for detecting rotation information can be appro-
priately increased, to be suitable for the case 1n which the
wide-protrusion rotor 6 i1s the detection object.

(2) With this embodiment, the amplitude of the difleren-
tial output Vd 1s adjusted electrically, by appropnately
setting the amplification factor of a diflerential amplifier.
Thus 1t 1s not necessary to alter the respective positions at
which the MRE bridge A to D are set, so that 1t becomes
possible to utilize a standardized component as the sensor
chip, having a fixed array of MRE bridges. In that way, the
same model of sensor chip can be applied i1n rotation
detection for various different configurations of rotor, so that
this embodiment has great generality of use.

With this embodiment, 1n the same way as for the first
embodiment, the amplification factor K1 of the first difler-
ential amplifier Al 1s set as 2. However 1t would be equally
possible to set the value of K2 higher than 2, 1 order to
increase the amplitude of the main component of the dii-
terential output Vd. In that case, the increased amplitude of
Vd will result 1n a higher degree of latitude being achieved.

Furthermore this embodiment, the amplification factor K2
of the second differential amplifier A2 1s set as 0.6. However
it would be equally possible to set K2 at some other arbitrary
value, that 1s less than 1.0.

Moreover although with the above embodiment, values of
2 and 0.6 respectively are set for the amplification factors
K1, K2 of the first and second differential amplifiers A1 and
A2a, 1t would be equally possible to utilize other arbitrarily
determined values for K1 and K2, so long as the following
relationship 1s satisfied:

(K1x(V3-VA)-K2x(V1-V2))>(2x(V3-VA)—(V1-V2))
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that 1s to say

(K1xamplitude of main component)-(K2xcompensa-
tion component)>(2xamplitude of main compo-
nent)—(amplitude of compensation component).

Fourth Embodiment

A fourth embodiment of a rotation detection apparatus
according to the present invention will be described refer-
ring to FIGS. 19 and 20. In the same way as for the second
embodiment described above, this embodiment 1s suitable
for detection of the rotation speed (rotation angle) of the
crankshaft of an internal combustion engine, 1.e., by detect-
ing rotation information for a narrow-protrusion rotor 7
(shown 1n FIG. 7, described heremnabove) that 1s coupled to
the crankshait. However with this embodiment as 1s clear
from FI1G. 19, a differential circuit 56 1s used in place of the
differential circuit 5, and a sensor chip 1s used which 1s as
described hereinabove referring to FI1G. 18.

The respective median output potentials of the MRE
bridges A to D are inputted to the differential circuit 55 as
shown 1 FIG. 19. The differential circuit 56 basically
consists of a first diflerential amplifier Al, a second difler-
ential amplifier A2b and a third differential amplifier A3. Of
these, the second differential amplifier A25 which produces
the compensation component has an amplification factor of
1.4, 1.¢., produces a differential output of 1.4x(V1-V2) from
the median output potentials V1, V2 of the MRE bridges A
and B. As a result, the third differential amplifier A3 obtains
the single differential output Vd as:

[2x(V3-VA)-14x(V1-72)].

Rotation information for the narrow-protrusion rotor 7 1s

L ] it

detected based upon this single differential output Vd.

In that way, by setting a value of 1.4 for the amplification
factor of the second differential amplifier A2b6 which pro-
duces the compensation component of the differential output
Vd, the amplitude of the compensation component 1s
increased, so that increased accuracy of edge detection 1s
achieved of the peripheral protrusions of the narrow-protru-
sion rotor 7, and hence enhanced angular accuracy 1s
achieved.

FIG. 20 shows the results of electromagnetic stmulation
of the relationship between the amplification factor of the
second differential amplifier A25 and the degree of latitude,
for the case 1n which the narrow-protrusion rotor 7 1s the
detection object. As shown 1n FIG. 20, the higher the value
of the amplification factor K2, the higher becomes the
degree of latitude. When K2 1s set as 1.4, a substantially
higher degree of latitude can be achieved than for the prior
art (1.¢., when an amplification factor of 1 would be used for
K2).

As described above referring to FIG. 17, when the nar-
row-protrusion rotor 7 1s the detection object, the higher the
value of the amplification factor K2 of the second differen-
tial amplifier, the higher becomes the angular accuracy.
Hence when a rotor such as the narrow-protrusion rotor 7 1s
the detection object, a high degree of angular accuracy can
readily be achieved by setting the amplification factor K2 of
the second differential circuit A2b (which produces the

compensation component of the differential output Vd) as
1.4.

As shown by the above, the following results are obtained
with this embodiment:

(1) When a narrow-protrusion rotor 1s the detection
object, a suitably high level of angular accuracy of rotation
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detection can be achieved by setting the amplification factor
K2 of the second differential amplifier A2b as a value
substantially equal to 1.4.

(2) With this embodiment, angular accuracy can be opti-
mized by an electrical method, 1.e., by appropnately setting
the amplification factor of a differential amplifier. As a
result, 1t 1s not necessary to alter the respective positions at
which the MRE bridge A to D are set, in order to optimize
the angular accuracy. This 1s an advantage, since there are
limitations on the positions at which the MRE bridges can be
located, to ensure that a suflicient value of saturation mag-
netic field 1s maintained. Furthermore the sensor chip can be
formed as a standardized component, with the MRE bridges
A to D fixedly arrayed in a row, for example. Hence, the
same model of sensor chip 34 can be applied in rotation
detection for various different configurations of rotor, so that
this embodiment can have high generality of application.

This embodiment has been described for the case 1n which
the amplification factor of the second differential amplifier
A2b1s set as 1.4. However the invention 1s not limited to the
use ol such a value, and i1t would be possible to use some
other appropriate value, so long as the following relationship

1s maintained between the differential amplifier factors K1
and K2:

K1/K2<2.

Furthermore this embodiment has been described for the
case 1n which the narrow-protrusion rotor 7 1s the detection
object. However 1t would be equally possible to apply the
embodiment to rotation detection of a rotor such as the
equal-pitch rotor 8 described above.

Other Embodiments

In addition to the above, other embodiments of the
invention could be envisaged, e.g., as follows:

(a) With the embodiments described above, the distances
L1 to L4 (e.g., as shown in FIG. 21) are made approximately
equal. However this 1s not essential, and 1t would be possible
for example to increase the distances .3 and L4 appropri-
ately.

(b) With the embodiments described above, the bias
magnet 2 1s formed with a cavity, to accommodate the sensor
chip. However it would be equally possible to use various
other configurations for the bias magnet 2, for example to
have a U-shape configuration as seen in cross-section.

(c) With the embodiments described above, the sensor
chip of each embodiment (3a, 3b, 3¢, 3¢) 1s formed by
molding of a synthetic resin. However 1t would be equally
possible to mount the sensor chip directly upon the bias
magnet 2, without utilizing molding processing,

(d) With the embodiments described above, four MRE
bridges A to D are utilized, which are located symmetrically
with respect to the central magnetic axis of the bias magnet
2. However 1t would be equally possible to use more then
tour MRE bridges, e.g., with an additional MRE bridge

being located on the central magnetic axis of the bias magnet
2.

(e¢) With the embodiments described above, the amphﬁ-
cation factor K3 of the third differential amplifier A3 1s set
as 1. However 1t would be equally possible to set a value for
K3 that 1s hugher than 1. If that 1s done, then the amplitude
of the differential output Vd can be increased (irrespective of
the rotor configuration) so that the degree of latitude can be
increased.

(1) With the embodiments described above, increasing the
degree of latitude or the angular accuracy i1s achieved by
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adjusting the positions of the MRE bridges A and B (for
example, with the first and second embodiments), or by
adjusting the amplification factor K2 of the second difler-
ential amplifier (for example, with the first and second
embodiments). However 1t would be equally possible to
obtain a similar result by adjusting the positions of the MRE
bridges A and B and also adjusting the amplification factors
K1, K2, K3 of the differential amplifiers A1, A2, A3 appro-
prlately For example, if the positions of the M R-* bridges A
and B on the sensor chip should deviate from predetermined
positions (1.e. due to manufacturing deviations) a required
wavelorm shape for the single differential output signal Vd
can be achieved by suitably adjusting the amplifier factor(s)
of one or more of the differential amplifiers Al to A3. In that
way 1t becomes possible to reduce the number of sensor
chips that are rejected 1n the process of manufacture, 1.e., the
manufacturing yield of the sensor chips can be substantially
increased.

What 1s claimed 1s:

1. A rotation detection apparatus for detecting a rotation
condition of a rotor that 1s formed of a magnetic material and
has a circumierential periphery with a configuration of
successively alternating protruding portions and recessed
portions, the apparatus including a sensor chip having a
plurality of magnetoresistive elements and a bias magnet for
applying a bias magnetic field to said magnetoresistive
clements, said detection being performed by sensing
changes 1n resistance values of said magnetoresistive ele-
ments due to changes 1n a magnetic vector of said bias
magnetic field as said circumiferential periphery of said rotor
rotates close to said sensor chip;

wherein

said magnetoresistive elements of said sensor chip are
configured as an array of at least four magnetoresistive
clement bridges arranged 1n an orientation determined
by a rotation direction of said rotor, and

a first distance and a second distance are different from
cach other and respectively separately set with respect
to an end face of said bias magnet, said end face being
located directly opposite said circumierential periphery
of said rotor, said first distance being a distance
between said end face of said bias magnet and each of
respective centers of at least two magnetoresistive
clement bridges which are located at outer positions
within said array of magnetoresistive element bridges,
and said second distance being a distance between said
end face of said bias magnet and each of respective
centers of at least two magnetoresistive element bridges
which are located at inner positions within said array of
magnetoresistive element bridges.

2. A rotation detection apparatus as claimed 1n claim 1,
comprising differential circuit means for generating a main
component signal based on a difference between respective
median output potentials of said at least two magnetoresis-
tive element bridges which are located at inner positions, a
compensation component signal based on a diflerence
between respective median output potentials of said at least
two magnetoresistive element bridges which are located at
outer positions, and a single differential output signal based
on a difference between said main component signal and
said compensation component signal, with said single dif-
ferential output signal expressing information concerning
said rotation condition of said rotor:;

wherein said first distance and second distance are respec-
tively separately set such that a wavetorm of said single
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differential output signal attains a condition predeter-
mined in accordance with said configuration of said
periphery of said rotor.

3. A rotation detection apparatus as claimed 1n claim 2,

wherein

said single differential output signal 1s converted to binary
signal form by utilizing a specific threshold value for
said conversion, to obtain a binary output signal
expressing said mnformation concerning said rotation
condition of said rotor,

said condition that 1s predetermined for said waveform of
said single diferential output signal 1s that a degree of
latitude attain a predetermined standard, said degree of
latitude being a difference between a value of ampli-
tude of said single differential output signal and said
specific threshold value, and

said first distance and second distance are respectively set
such as to have the relationship:

first distance<second distance.

4. A rotation detection apparatus as claimed in claim 2,
wherein

said single differential output signal 1s converted to binary

signal form by utilizing a specific threshold value for

said conversion, to obtain a binary output signal
expressing said information concerning said rotation
condition of said rotor,

said condition that 1s predetermined for said waveform of
said single differential output signal i1s that an angular
accuracy attain a predetermined standard, said angular
accuracy being an amount of deviation between respec-
tive rotation angles of said rotor at which said ampli-
tude of said single differential output signal coincides

with said specific threshold value, when an air gap
between said end face of said bias magnet and said

circumierential periphery of said rotor attains a plural-
ity ol different sizes, and

said first distance and second distance are respectively set
such as to have the relationship:

first distance=second distance.

5. A rotation detection apparatus as claimed in claim 2,
wherein
said single differential output signal 1s converted to binary
signal form by utilizing a specific threshold value for
said conversion, to obtain a binary output signal
expressing said nformation concerning said rotation
condition of said rotor,
said condition that i1s predetermined for said s wavelform
of said single differential output signal is that a degree
of latitude and an angular accuracy attain respective
predetermined standards, said degree of latitude being
a difference between a value of amplitude of said single
differential output signal and said specific threshold
value and said angular accuracy being a difference
between respective rotation angles of said rotor at
which said amplitude of said single differential output
signal coincides with said specific threshold value,
when an air gap between said end face of said bias
magnet and said circumierential periphery of-said rotor
attains a plurality of respectively different sizes, and
said first distance and second distance are respectively set
such as to have the relationship:

first distance>second distance.

6. A rotation detection apparatus for detecting changes 1n
rotation angle of a rotor that 1s formed of a magnetic material
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and has a circumierential periphery having a configuration
of successively alternating protruding portions and recessed
portions, said rotation detection apparatus including a sensor
chip having a plurality of magnetoresistive elements and a
bias magnet for applying a bias magnetic field to said
magnetoresistive elements, with a central magnetic axis of
said bias magnetic field oriented substantially towards a
rotation axis of said rotor, said detection being performed by
sensing changes in resistance values of said magnetoresis-
tive elements due to changes 1n a magnetic vector of said
bias magnetic field as said circumierential periphery of said
rotor rotates close to said sensor chip, and amplifier means
for dertving an output detection signal indicative of said
changes 1n rotation angle, based on said changes 1n resis-
tance values of said magnetoresistive element, with said
output detection signal having a waveform that 1s at least
partially determined by said configuration of said rotor
periphery;

wherein

said magnetoresistive elements of said sensor chip are

configured as an array of four magnetoresistive element
bridges having an orientation determined by a rotation
ax1is ol said rotor, with a first pair of said magnetore-
sistive element bridges both located at a first distance
from an end face of said bias magnet that 1s located
directly opposite said circumierential periphery of said
rotor and disposed symmetrically with respect to said
central magnetic axis, and a second pair of said mag-
netoresistive element bridges both located at a second
distance from said end face of said bias magnet and
disposed symmetrically with respect to said central
magnetic axis, located outward from said first pair of
magnetoresistive element bridges with respect to said
central magnetic axis, and

said first distance and a second distance are different from

cach other and respectively separately set, for achiev-
ing a desired form of said output detection signal
wavelorm.

7. A rotation detection apparatus for detecting changes 1n
rotation angle of a rotor that 1s formed of a magnetic material
and has a circumierential periphery with a configuration of
successively alternating protruding portions and recessed
portions, said rotation detection apparatus including a sensor
chip having a plurality of magnetoresistive elements and a
bias magnet for applying a bias magnetic field to said
magnetoresistive elements, with a central magnetic axis of
said bias magnetic field oriented substantially towards a
rotation axis of said rotor, said detection being performed by
sensing changes in resistance values of said magnetoresis-
tive elements due to changes 1n a magnetic vector of said
bias magnetic field as said circumierential periphery of said
rotor rotates close to said sensor chip, and amplifier means
for deriving an output detection signal indicative of said
changes 1n rotation angle, based on said changes 1n resis-
tance values of said magnetoresistive element, with a wave-
form of said output detection signal being at least partially
determined by said configuration of said rotor periphery;

wherein

said magnetoresistive elements of said sensor chip are

configured as an array of four magnetoresistive element
bridges having an orientation determined by a rotation
ax1is ol said rotor, with a first pair of said magnetore-
sistive element bridges both located at a first distance
from an end face of said bias magnet that 1s located
directly opposite said circumierential periphery of said
rotor and disposed symmetrically with respect to said
central magnetic axis, and a second pair of said mag-
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netoresistive element bridges both located at a second
distance from said end face of said bias magnet and
disposed symmetrically with respect to said central
magnetic axis, and located outward from said first pair
of magnetoresistive element bridges with respect to 5
said central magnetic axis,

said amplifier means comprises a first differential circuit

for generating a main component signal expressing a
difference between respective median output potentials

of said first pair of magnetoresistive element bridges, a 10
second differential circuit for generating a compensa-
tion component signal expressing a diflerence between
respective median output potentials of said second pair

ol magnetoresistive element bridges, and a third dif-
ferential circuit for deriving a single differential output 15
signal based on a difference between said main com-
ponent signal and said compensation component signal,
with said single differential output signal constituting
said output detection signal, and

said first distance and a second distance are different from 20

cach other and respectively separately set, for achiev-
ing a desired wavetform for said single differential
output signal.

8. A method of designing a rotation detection apparatus
for detecting a rotation condition of a rotor that 1s formed of 25
a magnetic material and has a circumiterential periphery with
a conflguration of successively alternating protruding por-
tions and recessed portions, the apparatus including a sensor
chip having a plurality of magnetoresistive elements and a
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bias magnet for applying a bias magnetic field to said
magnetoresistive elements, said detection being performed
by sensing changes in resistance values of said magnetore-
sistive elements due to changes 1n a magnetic vector of said
bias magnetic field as said circumierential periphery of said
rotor rotates close to said sensor chip,

the method comprising:

configuring said magnetoresistive elements of said sensor

chip as an array of at least four magnetoresistive
clement bridges arranged 1n an orientation determined
by a rotation axis of said rotor, and

setting a first distance and a second distance respectively

separately such as to satisiy at least one condition that
1s determined by said configuration of aid circumier-
ential periphery of said rotor said first distance being
different from said second distance, said first distance
being a distance between an end face of said bias
magnet that 1s located directly opposite said circum-
ferential periphery of said rotor and each of respective
centers of at least two magnetoresistive element bridges
which are located at outer positions within said array of
magnetoresistive element bridges, and said second dis-
tance being a distance between said end face of said
bias magnet and each of respective centers of at least
two magnetoresistive element bridges which are
located at inner positions within said array of magne-
toresistive element bridges.
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